Although it is clear that postreplicative DNA mismatch repair (MMR) plays a critical role in maintaining genomic stability in nearly all forms of life surveyed, much remains to be understood about the genomewide impact of MMR on spontaneous mutation processes and the extent to which MMR-deficient mutation patterns vary among species. We analyzed spontaneous mutation processes across multiple genomic regions using two sets of mismatch repair-deficient (msh-2 and msh-6) Caenorhabditis elegans mutation-accumulation (MA) lines and compared our observations to mutation spectra in a set of wild-type (WT), repair-proficient C. elegans MA lines. Across most sequences surveyed in the MMR-deficient MA lines, mutation rates were ‫-001ف‬fold higher than rates in the WT MA lines, although homopolymeric nucleotide-run (HP) loci composed of A:T base pairs mutated at an ‫-005ف‬fold greater rate. In contrast to yeast and humans where mutation spectra vary substantially with respect to different specific MMR-deficient genotypes, mutation rates and patterns were overall highly similar between the msh-2 and msh-6 C. elegans MA lines. This, along with the apparent absence of a Saccharomyces cerevisiae MSH3 ortholog in the C. elegans genome, suggests that C. elegans MMR surveillance is carried out by a single Msh-2/Msh-6 heterodimer.
G ENOME stability is continually challenged by a diMsh2/Msh6 protein heterodimers recognize and repair verse array of mutagenic forces that include errors nuclear base-base mismatches and small (1-2 bp) inserduring DNA replication, environmental factors such as tion-deletion (indel) loops, whereas Msh2/Msh3 heter-UV radiation, and endogenous mutagens such as oxyodimers correct a range of small and larger loop-outs, gen free radicals generated during oxidative metabolism but do not recognize most base-base mismatches (Alani (Lindahl 1993) . Multiple DNA repair pathways have 1996; Habraken et al. 1996) . In humans, hMsh2/hMsh6 evolved to minimize the mutagenic consequences of and hMsh2/hMsh3 heterodimers display partially over-DNA damage and erroneous DNA replication. Most of lapping damage recognition spectra similar to that obthe major DNA repair pathways have been detected served in S. cerevisiae (Acharya et al. 1996) . Msh1 proin all three domains of life, suggesting ancient origins teins are involved in maintaining mitochondrial genome (Eisen and Hanawalt 1999) . stability in S. cerevisiae (Chi and Kolodner 1994) , but The mismatch repair (MMR) pathway corrects a wide msh1 orthologs have not been detected in any metazoan range of base-base mismatches (some involving damgenomes surveyed thus far (Eisen 1998 ; unpublished aged bases) and small loop-outs in DNA molecules and genome database searches) and it is often assumed that has been extensively studied in multiple systems using MMR is absent from mitochondria in metazoans. Msh4 a variety of genetic, biochemical, and biophysical apand Msh5 have roles in meiotic recombination in S. proaches (reviewed in Harfe and Jinks-Robertson cerevisiae, Caenorhabditis elegans, and humans, with no 2000) . In eukaryotic MMR, heterodimeric complexes apparent MMR-related functions (Zalevsky et al. 1999) .
involving homologs of the Escherichia coli MutS protein
Despite the remarkable overall congruence in the [named MutS Homologs (Msh) 1-7] mediate error sur-MMR machinery and error recognition mechanisms beveillance and recognition. In Saccharomyces cerevisiae, tween S. cerevisiae and humans, msh3 orthologs are not detected in the genomes of C. elegans or Drosophila melanogaster (Eisen 1998 ; unpublished genome database searches). Furthermore, although the Schizosaccharomyces MMR defective (Tijsterman et al. 2002) (Harr et al. 2002) , mice (Andrew et al. 2000) , and
original WT MA lines were extinct after an average of 214 generations .
humans (Malkhosyan et al. 1996; Ohzeki et al. 1997 ;
Mutation detection and confirmation: Mutations were de- Tauchi et al. 2000; Mark et al. 2002) . (Denver et al. 2004a,b) mutations supported by reliable electropherogram data on provide a unique mutational baseline for interpreting both strands of directly sequenced PCR products were consid-MMR-deficient mutation processes. . SEM values for mutation rates are shown in parentheses throughout the text and tables. missing the entire fifth and part of the sixth exon and is also RESULTS AND DISCUSSION mitochondrial (A:T) 11 run. We did not focus on other microsatellites (di-or trinucleotide, for instance) as previous studies have surveyed C. elegans MMR-deficient mutations per HP per generation, again calculated for mutation processes at these types of loci . Mutation rates at A: T HPs et al. 2002; Tijsterman et al. 2002) , and HPs are a much were also highly similar between the msh-2 and msh-6 more dominant component of the C. elegans genome MA lines (Table 2 ). Larger A:T HPs, 12-16 bp in length, than are other microsatellite types (Denver et al. 2004a ).
mutated at a higher rate [ ϭ 6.2 (Ϯ1.4) ϫ 10 Ϫ3 mutaWe detected 149 mutations, dominated by singletions per HP per generation, calculated for combined nucleotide indels, at nuclear HP loci in the MMR-defimsh-2 and msh-6 mutations] than that of smaller, 8-11 cient C. elegans MA lines ( Table 1 ). The majority of HP bp, HP loci [ ϭ 1.2 (Ϯ0.4) ϫ 10 Ϫ3 mutations per HP mutations were observed at G:C HP loci (115/149 total per generation, also calculated for combined msh-2 and observed, as compared to 69.5/149 expected on the msh-6 mutations]. Overall, mutation rates at A:T HPs basis of an even distribution of mutations across the 15 were lower (three-to fourfold) than rates observed at assayed HP loci), and two-nucleotide indel mutations G:C HPs in the MMR-deficient MA lines, consistent with were exclusively observed at G:C HP runs. The mutation observations in S. cerevisiae (Tran et al. 1997 ; Gragg et rates for G:C HPs were highly similar and not signifial. 2002) . All mutations observed at HP loci were indels, cantly different for the msh-2 and msh-6 MA lines (Table the majority of which were single-base pair indels (five 2). Larger G:C HPs, 12-16 bp in length, mutated at 2-bp indels were observed). Deletions were more prevaapproximately a twofold greater rate [ ϭ 1.3 (Ϯ0.1) ϫ lent than insertions in the MMR-deficient MA lines at 10 Ϫ2 mutations per HP per generation, calculated for both A:T and G:C HPs (Table 1) were expected among the 94 MMR-deficient MA lines, A:T HPs Ն 8 bp were detected in the genome) as compared to G:C HPs (only 2,401 G:C HPs Ն 8 bp were under the assumption that nuclear and mitochondrial A:T HPs mutate at comparable rates in MMR-deficient detected) (Denver et al. 2004a) . Mutation rates and spectra in complex sequence: Albackgrounds. Alternatively, under a null expectation that mitochondrial HP loci mutate at the same rate in though mutations at known hotspot repetitive loci (such as HPs and microsatellites) in MMR-deficient back-WT and MMR-deficient backgrounds, 0.5 (Ϯ0.2) mutations would be expected at grounds provide important insights into the MMR process, the vast majority of the C. elegans genome is comthe (A:T) 11 HP. The number of mutations observed at this mitochondrial HP locus in the MMR-deficient MA posed of more complex sequences where the impacts of MMR on mutation processes are less clear. Across lines (zero) was much closer to the latter expectation, suggesting that msh-2 and msh-6 do not function in mito-Ͼ20 kb of nuclear DNA surveyed from each MMR-deficient MA line, we detected 17 nuclear complex sechondrial MMR in C. elegans.
The remarkable similarity between the msh-2 and quence mutations (not at HP loci, defined previously) in the msh-2 MA lines and 19 nuclear complex sequence msh-6 MA lines in terms of overall nuclear HP mutation rate and pattern suggests that a single Msh-2/Msh-6 mutations in the msh-6 MA lines (Table 3) , resulting in strikingly similar total mutation rates for the msh-2 and heterodimeric complex mediates MMR surveillance for postreplicative HP loop-outs in C. elegans. This is supmsh-6 MA lines (Table 2 ) and further suggesting that MMR surveillance in C. elegans is carried out by a single ported by the apparent absence of an msh3 ortholog in the C. elegans genome (Eisen 1998) 
and indications
Msh-2/Msh-6 heterodimer. No complex sequence mutations were observed at the mitochondrial locus. Highly from yeast two-hybrid experiments that Msh-2 and Msh-6 may interact exclusively with one another (Boulton similar mutation rates specific for base substitutions and indels were observed for the msh-2 and msh-6 MA lines et al. 2002) . The mutational similarities between msh-2 and msh-6 C. elegans reported here contrast with observa- (Table 2 ). The distributions of mutations across msh-2 and msh-6 tions in S. cerevisiae where HP mutation patterns observed in msh2, msh3, and msh6 strains differ markedly MA lines were very close to Poisson expectations (for msh-2, 30.8, 11.7, 2.2, and 0.3 instances of MA lines with with respect to one another (Gragg et al. 2002) . Compared to G:C HP mutation rates in the WT set of C. 0, 1, 2, and 3 mutations were expected, respectively, and 31, 12, 1, and 1 lines were observed with 0, 1, 2, elegans MA lines (Denver et al. 2004a ), a ‫-001ف‬fold elevated rate was observed for G:C HPs in the MMRand 3 mutations, respectively; for msh-6, 33.2, 12.9, 2.5, and 0.3 instances of MA lines with 0, 1, 2, and 3 mutadeficient MA lines. The mutation rate disparity between the MMR-deficient and WT MA lines was more protions were expected, respectively, and 33, 14, 1, and 1 MA lines were observed with 0, 1, 2, and 3 mutations, nounced for A:T HPs where the rate was elevated ‫-005ف‬ fold in the MMR-deficient MA lines. This observation respectively). For the msh-2 MA lines, the distribution of mutations across the 24 assayed nuclear PCR product suggests that the C. elegans MMR surveillance machinery may have evolved a greater ability to recognize and loci were also very close to Poisson expectations (11.8, 8.4, 3 .0, and 0.7 loci with 0, 1, 2, and 3 mutations were repair loop-outs specific to A:T HPs as compared to G:C HPs. The selective pressure to maintain stability expected, respectively, and 11, 8, 4, and 1 loci with 0, 1, 2, and 3 mutations were observed, respectively). For specifically at A:T HP runs may be related to the extreme dominance of A:T HPs in the C. elegans genome (146,224 the msh-6 MA lines, however, seven mutations were ob- 
Locus refers to the sequenced C. elegans cosmid or yeast artificial chromosome in which the mutation was found (PCR loci surveyed for mutation are named according to C. elegans cosmids, fosmids, and yeast artificial chromosomes; see supplementary Table 1 at http:/ /www.genetics.org/supplemental/ for details). Context provides information regarding the bases surrounding the observed mutation with respect to the (ϩ) strand of C. elegans chromosomes. Line indicates the specific MA line in which the mutation was detected. Chr., the chromosome in which the mutation was found. Mut., the observed mutation. Cod., the coding context of the sequence in which the mutation was found: EX, exon, IG, intergenic, IN, intron. For exon base substitution mutations: S, a silent base substitution, R, a replacement base substitution (amino acid change is indicated after R).
served at a single locus (ZK337; see Table 3 ), resulting
The complex sequence mutation rates observed in MMR-deficient backgrounds were ‫-001ف‬fold higher in a significant deviation from Poisson expectations (P Ͻ 0.005) for the distribution of mutations across than complex sequence mutation rates in the WT MA lines (Denver et al. 2004b ). This observation is in con-PCR loci (10.9, 8.6, 3.4, 0.9, and 4 .2 ϫ 10 Ϫ4 loci with 0, 1, 2, 3, and 7 mutations were expected, respectively, trast to suggestions that the relatively high mutation rates observed in the WT C. elegans MA lines (as comand 14, 7, 1, 1, and 1 loci with 0, 1, 2, 3, and 7 mutations were observed, respectively).
pared to previous lower mutation rate estimates for C. (1996) , Ohzeki et al. (1997) , Tauchi et al. (2000) , quence indels in the MMR-deficient MA lines (both and Mark et al. (2002) . The data for msh-6 C. elegans are divided into two sets to distinguish between patterns observed msh-2 and msh-6) were in short mononucleotide run at the majority of loci vs. the ZK337 hotspot locus. stretches below our cutoff threshold for HP loci (Ն8 bp). Whereas complex sequence base substitutions were more frequent than indels in MMR-deficient backmutational hotspot locus was also distinctive from other grounds, complex sequence indels occurred at a higher assayed nuclear loci as all seven observed mutations rate than did base substitutions in the WT MA lines (occurring across four distinct specific locus positions; (Denver et al. 2004b) , suggesting that the C. elegans Table 2 ) were insertions, whereas an approximately MMR machinery may be more efficient at eliminating equal number of insertions and deletions were detected base substitutions than the indels in complex sequence.
at the other 23 loci surveyed in the MMR-deficient MA The overall similarity in complex sequence mutation lines. This finding suggests that Msh-6 may be involved spectra observed between the msh-2 and msh-6 C. elegans in mutation deterrence in an Msh-2-independent fash-MA lines contrasts with mutation patterns observed in ion that is specific to this region (and perhaps other MMR-deficient S. cerevisiae strains at the Can r locus regions) of the C. elegans genome. Further studies are (Marsischky et al. 1996) that vary with respect to difrequired to understand the significance of the unusual fering specific genotypes (Table 4) . Similarly, mutation mutation patterns at this single locus. spectra differed in MMR-deficient human colon carciConclusion: In this study we provide important innoma cell lines at the hprt locus depending on the sights into the relationships between MMR and spontaspecific MMR-deficient background (Malkhosyan et al. neous mutation processes in C. elegans. We find that, 1996; Ohzeki et al. 1997; Tauchi et al. 2000) . The disfor the most part, mutation rates and spectra in two tinctive similarity between msh-2 and msh-6 C. elegans distinct MMR-deficient C. elegans backgrounds (msh-2 mutation spectra, as compared to yeast and humans, and msh-6) are highly similar to one another (the ZK337 may be due to the apparent absence of an msh3 homolog locus being an exception), but differ when compared and the corresponding presence of a single major MMR to rates and patterns of spontaneous mutation in a WT error surveillance complex (the Msh-2/Msh-6 heterostrain of C. elegans. The nuclear MMR-deficient mutadimer) in C. elegans. tion spectra reported here for C. elegans also differ from An exception to the trend of mutational similarity that observed in other eukaryotes that encode an msh3 between msh-2 and msh-6 C. elegans was the ZK337 locus ortholog (S. cerevisiae and humans). A broad-based unwhere seven insertion mutations were observed excluderstanding of the evolution of MMR pathways and their sively in the msh-6 MA lines (Table 3) ; no mutations contributions to maintaining genome stability across were found at this locus in the msh-2 MA lines. This eukaryotic phylogeny will require comparable surveys observation deviated significantly (P Ͻ 0.05) from exof MMR-deficient mutation spectra in species such as pectations based on an even distribution of ZK337 mutations across msh-2 and msh-6 MA lines. This msh-6-specific D. melanogaster, which also appears to lack an msh3 or-
